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ABSTRACT

Deep Sea Drilling Project Sites 502 (Colombian Basin, western Atlantic Ocean) and 503 (eastern equatorial Pacific
Ocean) are well located for comparison of the late Neogene paleoceanographic history of the tropical Atlantic and Pa-
cific oceans. Comparing the faunal and floral history at each location should reveal changes arising from the late Neo-
gene shoaling of the Isthmus of Panama and the separation of the tropical oceans.

At each site we recovered an apparently continuous, largely undisturbed sedimentary sequence from Holocene to
about 8 m.y. in age. Tropical and subtropical planktonic foraminifers occur throughout each sequence, although di-
versity is lower and preservation poorer in the Pacific. At each location the Miocene/Pliocene boundary is defined
by the first appearance pf Globorotalia tumida, the early-late Pliocene boundary is defined by the extinction of
Sphaeroidinellopsis, and the Pliocene/Pleistocene boundary is defined by the first appearance of G. truncatulinoides.

Planktonic foraminiferal assemblages at Sites 502 and 503 are generally similar until the early Pliocene when the
faunal histories diverge. Two important exceptions are the delayed first occurrence of Pulleniatina at the Atlantic site
(4.4 Ma) relative to the Pacific site (5.5 Ma) and the common presence of sinistral Neogloboquadrina acostaensis and
sinistral N. pachyderma at the Atlantic site. Sinistral N. acostaensis is rare at the Pacific site, and sinistral N. pachy-
derma is absent entirely. The significance of sinistral N. pachyderma at Site 502 is unclear. If this phenotype is due to
cool water at this location, it might reflect seasonal upwelling because the fauna is otherwise tropical-subtropical.

As noted by other workers, the first planktonic foraminiferal evidence for increasing Atlantic-Pacific provinciality
occurs in the early Pliocene at 4 Ma with the appearance of Pulleniatina spectabilis in the Pacific and its exclusion from
the Atlantic. Subsequent to that, Pulleniatina disappeared from the Atlantic (3.3 Ma) and did not reappear until about
2.1 Ma, whereas it ranged continuously in the Pacific. The strongest biogeographic evidence based on planktonic fora-
minifers for the separation of the two tropical oceans by the Panama Isthmus has been the development of an endemic
lineage of Globorotalia in the Atlantic. Members of this group become numerically important in the late Pliocene and
give tropical Atlantic faunas of that age a distinctive appearance. Until recently the more advanced members of this
lineage have not been recorded from Pacific sediments. At Site 503 the distinctive species G. pertenius first appears at
3.3 Ma and last appears at 3.2 Ma, whereas at the Atlantic site it extends to 2.5 Ma. The short range of this species in the
Pacific and the complete absence of G. miocenica is further evidence that by about 3 Ma the emergent Panama Isthmus
was an effective barrier to the exchange of tropical surface waters between the Atlantic and Pacific.

INTRODUCTION

Deep Sea Drilling Project (DSDP) Leg 68 was con-
ceived to test the newly developed hydraulic piston corer
(HPC) in Atlantic and Pacific sediments and, if success-
ful, to provide high-resolution stratigraphies. Compar-
ing stratigraphic results between the two oceans would
be useful in studying the late Neogene paleoceano-
graphic effects of the closing of the Panama Isthmus,
the initiation of permanent Northern Hemisphere glaci-
ation, and the possible relation between the two. Sites
502 and 503 were cored near previously drilled Sites 154
and 83, respectively. Site 502 holes are located at
11°29.4'N and 79°22.7'W at about 3051 meters water
depth, approximately 100 km east of Site 154 (Edgar,
Saunders, et al., 1973). The 153-meter pelagic sequence
at DSDP 154 lies on a volcanic ash turbidite, which
forms a prominent reflector and was the major objec-
tive of drilling in the western Colombian Basin. The 7 to
8 m.y. old sequence at Site 502 lies on an uplifted block
and does not contain the turbidite found at Site 154.

Prell, W. L., Gardner, J. V., et al., Init. Repts. DSDP, 68: Washington (U.S. Govt.
Printing Office).

2 Present address: Department of Geology and Geophysics, Woods Hole Oceanographic
Institution, Woods Hole, Massachusetts.

Site 503 holes are located at 4°04.04'N and 95°
38.21 'W at a water depth of 3672 meters. Nearby Site
83 (Hays et al., 1972) was only spot-cored in the late
Miocene sequence and was thought to reach the middle
Miocene, but the sediments were badly disturbed by the
rotary drilling process (see Prell, Gardner, et al., 1980,
fig. 2). At Site 503 the HPC recovered a largely undis-
turbed 234-meter sequence to within about 10 meters of
basement. Based on microfossil ranges, the oldest sedi-
ment is estimated to date to 8 Ma, about the same as Site
502 (see Kent and Keigwin, this volume).

Sediment at Site 502 grades with increasing depth
from a foraminiferal and nannofossil marl to a cal-
careous and ash-bearing clay. Planktonic foraminifers
are generally common and well preserved, especially in
samples above 110 to 115 meters sub-bottom. Plank-
tonic foraminifers are generally less abundant and often
show effects of calcium carbonate dissolution in the sili-
ceous-bearing marls of Site 503.

METHODS AND RESULTS

The preliminary biostratigraphy presented in this chapter is based
largely on Miocene and Pliocene core-catcher samples. Although core-
catcher samples are routinely examined on board ship by biostratig-
raphers, we took special care to examine slices of sediment as thick as
2 cm from across the top of the core catcher when it was full. This was
found to reduce the possible effects of down-core contaminants as
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well as to provide large samples for analysis of biostratigraphy and
stable isotopes (Keigwin, this volume).

Core-catcher samples were washed in fresh water over a 63 µm
screen and then dried on the screen; that fraction greater than 175 µm
was examined. Samples processed ashore were prepared following
Keigwin (1976). Species abundances were estimated using the method
of Poore (1978).

Ranges of taxa have been refined by analyzing one sample per core
section near intervals of faunal change. Ages of first and last ap-
pearance have been determined from magnetostratigraphy (Kent and
Spariosu, this volume) by interpolating between the ages and depths
of magnetic reversals in each hole. Because of relatively coarse sam-
pling, the ages of biostratigraphic datums (Table 3) are accurate to
within only about 0.1 Ma. Microfossil ranges are useful in patching
together a composite section from the intervals of highest recovery in
each hole of each site. Results in Table 3 suggest that Hole 502C
datums are about 5 meters shallower than those of the other holes at
this site.

Useful zonations have been developed for the Caribbean by Bolli
and Premoli-Silva (1973) and for the east equatorial Pacific by Jen-
kins and Orr (1972) and Kaneps (1973). The zonation of Jenkins and
Orr (1972) is used in this study because it is applicable to both Atlantic
and Pacific faunas. The Miocene/Pliocene boundary is based on the
first appearance of Globorotalia tumida and the Pliocene/Pleistocene
boundary (as used here) is based on the distinctive first appearance of
G. truncatulinoides at each site. The last occurrence of Globiger-
inoides obliquus, which is also a useful marker for the Pliocene/
Pleistocene boundary (Saito et al., 1975; Haq et al., 1977; Thompson
and Sciarillo, 1978), occurs near the first appearance of G. truncatu-
linoides (Tables 1 and 2). Although the Pliocene is not formally di-
vided into time-rock units, it is informally divided here into upper and
lower parts based on the last appearance of Sphaeroidinellopsis. This
extinction is a useful marker for the appearance of cooler faunal ele-
ments in lowrlatitude sites (Parker, 1967; Keigwin, 1976) and stable
isotopic and lithologic indications of permanent Northern Hemisphere
ice-sheet accumulation (Berggren, 1972; Shackleton and Opdyke, 1977;
Shor and Poore, 1978; Keigwin and Thunell, 1979; Keigwin, this vol.).
This datum is close to the first appearance of G. fistulosus, used to
mark the zone of that name in the Jenkins and Orr (1972) zonation
(Tables 1-3).

HISTORY OF FAUNAL CHANGE AT SITE 502
The late Neogene planktonic foraminiferal fauna in

the western Caribbean is generally tropical and sub-
tropical in character, dominated by species of keeled
globorotaliids, Globigerinoides, Orbulina, and Neoglo-
boquadrina. At both Sites 502 and 503 the keeled globo-
rotaliids are largely the Globorotalia menardii group
(Tables 1 and 2), which consists of G. menardii, G. lim-
bata, and G. praemiocenica. The lower part of the up-
per Miocene (prior to about 6 Ma) is marked by inter-
vals of calcium carbonate dissolution. This is reflected
in rare foraminifers in the bottom 20 meters of Hole
502A and the top few meters of Hole 502C. The upper
part of this dissolution interval contains the upper Mio-
cene carbon isotope shift, which, at least in the Pacific,
is associated with a dissolution interval (Keller, 1980;
Dunn et al., 1981). The pre-''carbon-shift" interval
(below about 200 m; see discussion in Keigwin, this vol-
ume) has common Globigerinoides quadrilobatus and
G. obliquus, despite the generally poorer preservation.
This lower part of the upper Miocene has few to com-
mon Neogloboquadrina acostaensis, and these are dom-
inantly sinistral with the exception of one sample
(502A-65,CC). Remaining few-to-common foraminifers
are: Sphaeroidinellopsis subdehiscens, G. pleisotumida,
Orbulina, Globigerina nepenthes, and G. bulloides. Be-
low 215 meters there are three occurrences of a rare spe-

cies identified as cf Catapsydrax unicavus (Table 1;
Plate 1, Figs. 1-3). The preservation of these individuals
is similar to the rest of the fauna, with no indication of
other Paleogene or lower Neogene contaminants.

About 200 meters, in the upper Miocene (about 5 to 6
Ma), there is a greater abundance of keeled globo-
rotaliids and more G. falconensis (Table 1). There are
two more intervals where dextral N. acostaensis is domi-
nant (50 and 52,CC). The preservation of CaCO3 is
generally improved over lower sediments, despite the
probable shoaling of the CCD due to the Messinian
"salinity crisis" (Ryan et al., 1973; Thunell (1981) and
references therein). Within this uppermost Miocene in-
terval Globigerinoides bulloideus (Plate 2, Figs. 1-4) last
appears at 183 meters (Core 52,CC; estimated age, 5.8
Ma), with a possible occurrence a little higher in the sec-
tion (42,CC, Table 1). This species has a distinct last ap-
pearance high in the upper Miocene in two Panama Ba-
sin cores and is probably stratigraphically useful (Keig-
win, 1976). Thompson (in press) finds G. bulloideus with
a Tortonian-Messinian range at DSDP Leg 67 sites (Mid-
dle America Trench). A related form (here identified as
G, cf bulloideus, Plate 2, Figs. 10-12) occurs in the mid-
dle Pliocene at Site 502, but has not been identified in
the Pacific. G. cf bulloideus is distinguished from G.
bulloideus by its higher spire. It resembles Globigerina
cariacoensis in the way that Globigerinoides bulloideus
resembles Globigerina bulloides.

By 173 meters (about 5.7 Ma) the sinistral phenotype
of N. pachyderma (Plate 10, Figs. 4-8) is a common
faunal element (estimated abundance is 30% of the
planktonic foraminiferal fauna), and the sinistral form
of N. acostaensis is abundant. These two forms are
obviously related, but N. pachyderma may not reflect
waters as cold as the modern high-latitude sinistral
counterpart, because the rest of the planktonic fauna is
strictly tropical and subtropical. In addition, there is
evidence that the sinistral phenotype has been progres-
sively restricted to cooler waters in the late Neogene
(Kennett and Vella, 1975). Nevertheless, rare occurrences
of the sinistral phenotype have been reported in the late
Quaternary of DSDP Site 147 (Venezuelan Basin, Cari-
aco Trench) by Rögl and Bolli (1973). These workers at-
tribute such apparently cool-water specimens to upwell-
ing associated with the Cariaco Trench. Similar up well-
ing remains a possibility at Site 502.

N. humerosa (Plate 9, Figs. 9-11) first occurs at 166
meters (about 5.6 Ma) and quickly becomes a common
member of the fauna (Table 1). About 2 meters below
the Miocene/Pliocene boundary, typical Globorotalia
margaritae (Plate 5, Figs. 10-12) first appear, as noted
by Berggren (1977) in his study of Rio Grande Rise pis-
ton cores (South Atlantic). Associated with the typical
form is a thickened variety which persists into the lower
Pliocene (Table 1; Plate 6, Figs. 1-3).

The Pliocene is marked by great faunal turnover, re-
sulting in a fauna of modern appearance by the end of
the epoch. Significant biostratigraphic events before 4.6
Ma in the lower Pliocene are the last appearance of Glo-
bigerinoides seigliei (Plate 3, Figs. 4-6) and the first ap-
pearance of Sphaeroidinella dehiscens with a small sup-
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plementary aperture {forma immatura, Plate 11, Figs.
5-6). In the temperate South Atlantic, Berggren (1977)
has found the last occurrence of G. seigliei in the upper-
most Miocene. These last occurrences are followed by
the first appearance of G. margaritae evoluta at 126
meters and the migrational first appearance of Pul-
leniatina primalis (sinistral) and Globorotalia crassa-
formis by 4.3 Ma (123 m, Table 3). The last occurrences
of G. nepenthes, N. acostaensis (sinistral), and N. pa-
chyderma (sinistral) are between about 110 and 120
meters down-core (4.0 to 4.2 Ma). The nearly simultane-
ous disappearance of the two Neogloboquadrina species
suggests that the N. pachyderma existed in a clinal rela-
tionship with N. acostaensis, as noted by others (Srini-
vasan and Kennett, 1976). It still does not explain, how-
ever, what environmental factor led to sinistral coiling.
This interval (110-120 m) is probably time-equivalent to
the base of the pelagic section at nearby Hole 154A, be-
cause the lowest pelagic sample examined contained G.
nepenthes overlain by a few meters of sinistral N. pa-
chyderma (Keigwin, 1978).

By about 3.9 Ma, the percent CaCO3 in Site 502 sedi-
ments became uniformly high (Gardner, this volume)
raising the possibility that both Sites 502 and 154 were
uplifted together into less corrosive water and above the
effects of turbidites at deeper Site 154. The timing of
these events (close to 4 Ma) is close to independent evi-
dence from stable isotopes for the beginning of re-
stricted circulation between the Atlantic and Pacific
oceans (Keigwin, this volume). At 112 meters P. pri-
malis changes from dominantly sinistral to dextral coil-
ing (3.6 to 3.7 Ma) and last appears at 91 meters, 7 me-
ters above the extinction of G. margaritae (3.6 Ma). Be-
tween 90 and 95 meters, S. dehiscens {forma immatura)
is replaced by mature specimens, just after the first oc-
currence of G. exilis.

Evidence from fauna and stable isotopes shows the
middle of the Pliocene to be a time of climatic deteriora-
tion. Evidence from stable isotopes is inferred to reflect
the growth of permanent Northern Hemisphere ice sheets
beginning about 3.2 Ma (Shackleton and Opdyke, 1977).
Possible faunal evidence for cooling climate in the Col-
ombian Basin are the first migrational appearances of
G. puncticulata, G. inflata, G. hirsuta, and G. caria-
coensis, and the last appearances of Sphaeroidinellop-
sis, Globoquadrina altispira, and G. conglomerata. In
the upper Pliocene N. pachyderma (dextral) becomes an
important faunal element in samples where the Globo-
rotalia menardii group is absent. However, there are
also changes which might be interpreted as evidence for
warming. In the middle of the Pliocene Globigerinoides
ruber increases in abundance and G. cf. bulloideus and
G. fistulosus first occur. In addition there is the consis-
tent presence of Globorotalia multicamerata and the di-
versification of the G. exilis lineage into G. miocenica
and the exotic G. pertenuis. This complicated turnover
of fauna is difficult to explain in terms of climatic cool-
ing alone. Parker (1973) suggests that some Pliocene
changes in fauna may be related to an ecological factor
other than temperature. One possibility is salinity, which
probably increased in the Caribbean during the Pliocene

(Keigwin, this volume). Useful datums in the uppermost
Pliocene are the first occurrence of N. dutertrei (2.5 Ma)
and the reappearance of Pulleniatina at about 2 Ma.

HISTORY OF FAUNAL CHANGE AT SITE 503
Site 503 samples are marked by fewer planktonic for-

aminifers and lower diversity than are those from Site
502. Nevertheless, the dominant taxa throughout the
section are the same as at Site 502: the Globorotalia me-
nardii group, the Globigerinoides quadrilobatus group,
the G. obliquus-G. ruber group, the Sphaeroidinella-
Sphaeroidinellopsis group, Neogloboquadrina, and Glo-
boquadrina altispira.

As in the upper Miocene at Site 502, Globigerinoides
bulloideus last appears and Neogloboquadrina hume-
rosa first appears between the "carbon shift" (6 Ma;
Keigwin, this volume) and the Miocene/Pliocene bound-
ary. Differences between the Atlantic and Pacific sec-
tions, however, are more significant. Pulleniatina pri-
malis appears (perhaps migrational, see Srinivasan and
Kennett, in press) in the uppermost Miocene (5.5 Ma)
compared to the lower Pliocene in the Caribbean, and
N. acostaensis is dominantly dextral. Two intervals of
sinistral coiling occur near the base of the section, just
above the "carbon shift." The higher of these intervals
is probably time-equivalent with that reported from
equatorial Pacific piston core RC12-66 (Saito et al.,
1975) which has been used to date paleomagnetically the
"carbon shift" (Keigwin and Shackleton, 1980). Even
more important is the complete absence of sinistral N.
pachyderma from Site 503. Globoquadrina dehiscens is
more abundant in Site 503 than Site 502 samples, and
last appears in 33,CC, where Globorotalia tumida first
appears marking the Miocene/Pliocene boundary.

Most of the lower Pliocene at the Pacific site is
similar to that at the Caribbean site. Notable differences
are the absence of sinistral N. pachyderma, sinistral N.
acostaensis, and G. margaritae. A few specimens of the
short-ranging Pulleniatina spectabilis (Plate 11, Fig. 1)
were found in Sample 5O3B-23,CC, probably at about
the same time (4 Ma) as in other locations (Parker,
1967; Keigwin, 1976). This species is not found in the
Atlantic. Globigerina nepenthes is not common enough
at this location for its last appearance to be a useful
datum. Toward the end of the lower Pliocene interval
(69-80 m) Globoquadrina conglomerata (Plate 3, Figs.
7-9) has its last occurrence and Globorotalia crassa-
formis and Globigerinoides fistulosus have their first
occurrence. Since Globoquadrina conglomerata occurs
in the modern Pacific (Parker, 1967; Thompson and
Sciarillo, 1978), its disappearance at about 3.3 Ma at
Site 503 must result from ecological change—perhaps
cooling surface waters. Likewise, the middle Pliocene
first occurrence of Globorotalia crassaformis results
from ecological factors, because it appears earlier in
higher latitudes (Srinivasan and Kennett, in press). Be-
tween the lower part of Core 21 and 19,CC (Hole 5O3B),
the dominance of P. primalis coiling changes from sinis-
tral to dextral. It is difficult to locate this change pre-
cisely because planktonic foraminifers are rare and
sometimes absent entirely, but it occurs at about 3.7
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Table 1. Ranges and abundances (core-catcher samples only) of selected planktonic foraminiferal species at DSDP 502.

* a ~
I β | 3 I S '5 I S U S S a

I • 3 I J i l i If I i 11 J i l l i f Mi M l . l u l l *
Chrono- Zone Approx. Sample δ « •* « 5 4 I i ^ S •» S δ 5 5 ^ 5 .!• fek 5 i .»• .» fe 8 5 .§ ^ i o β 5 f e o I » S fe .» •S 5 S §

stratigraphic (Jenkins and Depth (level in • § ^ • § S S ^ • § • S , ^ • § • § ^ - § á | • § S ε • § • | S . Q , » § • t • § b | ^ • § • § E | • § b • c S . | | | | o . § • *

Unit Orr, 1972) <m) Hole cm) δ d δ o u è δ d ^ i j S i j ò ^ i S ü d δ i S d d S i à ò δ ö á n δ f i i S d i δ d ö ö o o o o d d ü

Q 11-1, 100
P. obliqui- 11-2, 108
loculata 45 11-3, 100 cf

11,CC β β β O β O O • •
50 12.CC © • • O O O

13.CC O β β O O O © O © cf
60 14.CC O © O © * O © O O

U p p e r 15,CC • • • • • © O β O O O β O
Pliocene 70 16.CC © • • • • © © • O O cf © . . . . O cf . . . .

r ««*.;„„ 7 5 1 7 • c c • • © • • © O O O O O • • O θ
C.flstulosus 502B 18.CC O © O © © O O o O © cf

502A 19-1, 100 . . . .
19-2, 100 * *
19-3, 90 . . .

80 19.CC • • • © β β c f O O * O © . . . . . . * . • • >
20-1, 50 *
20-1, 100 .
20-2, 52 cf
20-2, 100 *

85 20-3, 100 *
20.CC θ O β β O O β θ β

90 21.CC • • © O β O O . . . . © . . β c f
22-2, 100
22-3, 100

95 22.CC β O O β β . . . O β cf
23-2, 100 cf . . .
23-3, 100 . . . . . . .
23.CC β θ O . . . . O . . . O *

100 24-1, 100 . . . . .
S. dehiscens 24-2, 100 cf

24-3, 100 . a . . . .
Lower 105 24,CC β O O O β β β O O

Pliocene 110 25.CC β O O β • • O O θ
115 26.CC O β β O O β • • • • • •

27.CC O β O O O O . . . # . © . .
28-2, 100 cf

120 28.CC β O O β O . β O β > O O
29-2, 100

125 29.CC © o O O O O O • • •
130 30.CC O β β . . . . . . . © β

3 2 . C C « © O cf O • • • •
33-3, 10

135 33.CC β c f O O . . . © . . . .
34.CC © β . O O © • © • • •

G. tumida 140 35.CC • • © • • • O β O • © • • β
36.CC © O β O O O O O

145 1 37.CC β C O O O O • • • •
38.CC θ O 0 θ 0 O β O O

150 39.CC • • © • • © • • O cf ©
40.CC β β β O O O • • • © β

155 41.CC © O β O O O θ O
160 42.CC β β β O • • O O

43.CC > O β β O β © • • « © O
165 44.CC O O β β O O © β θ

45.CC β β c f O cf O
170 46,CC O © . . .

47.CC © . © β O O cf • • •
175 48.CC • • © c f O O O cf • • •

50,CC O β O . . # . .
180 5i,cc e β e o o

52,cc • • • ë o o o
185 53.CC β β β O O θ

54.CC O β β O O O O
190 55.CC © O » O ©

56,CC β © O O . # . . .
57.CC . . è O • • • •

Upper G.plesio- 195 58.CC . . © ; © . . . . cf • •
Miocene tumida 59.CC cf

200 60,CC . . . . . .
61.CC* « . © . . . . cf
62,CC » © O O c f β

205 63.CC* . . . . . . . . . .
210 65.CC* © . O • ©

66.CC* . . . . . . . . .
67.CC* . . . . . . . . .

215 502A 68.CC β . . .
502C 28.CC* . O O O

215 29.CC © O c f β β O . . • • • • .
30.CC o « O © . # . . .

220 31.CC • • β ö O cf
32.CC* • . © . © . . . . © . . .
33.CC* © . © . o . © . .

225 34.CC O © O • • • •
35.CC • • • © . # . . .
36.CC > O β O . . » . .
37.CC β © O • • •

Note: Species abundance:)* present, O =few, β =common, =abundant; * = foraminifers rare.
a Dominance change in P. primalis coiling shown by dotted line.
b Last appearance at 502A, which differs slightly from 5O2B (see Table 3).
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Table 1. (Continued).

a

ε S I t ~ 1 -§ i §

i "I H i ! .u * * * 1 2 i 1

I !§11!11i!a IJ11 i l
| S. 1 i | '§ '£ •§ § | '£ S '£ o o I •g I S.

Chrono- I Zone Approx. Sample §" •S & g o •SP Sf •S g g .5? g• 2f o & .£? o f
stratigraphic | (Jenkins and Depth (level in ? | S • § • § • § O » » • § • : ^ E • § « Ü

Unit Orr, 1972) (m) Hole cm) δ b c S • < / i δ δ ö ^ ^ ^ δ d δ δ o δ δ t ;

Q 11-1, 100
P• obliqui• 11-2, 108

loculaia 45 11-3, 100
11,CC cf

50 12.CC cf
13.CC

60 14.CC
Upper 15.CC

Pliocene 70 j 16.CC
7< 17 CC

G.fistulosus - ^ ^ _ £•£ Q β . .
502A 19-1, 100

19-2, 100 b

19-3, 90 cf
80 19.CC © cf

| 20-1, 50 cf
20-1, 100

j 1 1 20-2, 52
20-2, 100

85 20-3, 100
20.CC

90 21.CC . . . .
i 22-2, 100

22-3, 100
95 22.CC « O O O

23-2, 100
23-3, 100
23.CC O *

100 24-1, 100
S. dehiscens 24-2, 100

24-3, 100
Lower 105 24,CC O

Pliocene 110 25.CC © O cf O
115 26,CC . © . . . . „

27,CC β O θ © O
28-2, 100

120 28.CC O O O . . © O
29-2, 100

125 29.CC © O O O β β O
130 30.CC O O θ

32.CC O O O β
33-3, 10

135 33.CC O θ O M O •
34.CC O O O O

G. tumida 140 35.CC . . . . O
36.CC O O O

j 145 37,CC O • • • • O
38.CC OO • • β O β

150 39.CC O β β O
40.CC O O O O β

155 41.CC . o β β O β
160 42.CC O β β O β cf

43.CC O β O
165 44.CC O β β β O

45.CC O β θ O O
170 46,CC O O ©

47.CC O β • • β O
175 48.CC . . O β O θ

50.CC* O © . . . cf
180 51.CC O β β β

52.CC O O • • • • Q
185 53.CC O O β O O

54,CC • © • • β O O O O
190 55.CC • © « • O O O O

56,CC • © • O O O
57.CC . o O © O β O

Upper G. plesio• 195 58.CC O O © O O O
Miocene tumida 59.CC* •«« «• • •

δ ' 3 c shifta

200 60.CC* . . . .
61.CC* . . β ••© ©
62.CC* O β © • • O

205 63.CC*
210 65.CC* O © O O O © O

66.CC* O . . .
67.CC

215 5O2A 68.CC O O •©©•
502C 28.CC* O • ' • . . . β cf

215 29.CC O t O O ©
3θ,CC O O © O O β

220 31.CC O O β β O O
32,CC* O O O
3 3 . C C * O O • • • © • • • • O

225 3 4 . C C . β . O O
35.CC O O O β © • •
36.CC o O • • © G
37.CC O β C ©
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K> Table 2. Ranges and abundances (core-catcher samples only) of selected planktonic foraminiferal species at DSDP 503. P

• * . , . ö

α 3 Ë 8 a s § a •S • | S

I I I j Hill .IS h J 1- I I I e l 1 f i l l i
I t ! 1 I ||1 1 2fj ! flli II Ji Jill ü
I J JiJij f.i ifft ii !] hill f hi if 11 Hi!,

Chrono- Zone Approx. Sample 1 1 . | I f 5 .M I . | , | I | 1 I 1 1 1 § 1 | 1 ̂  1 I I 1 1 1 1 I . | I , | | | I 1 I 1 1 .| . | | 1 I I . | §
stratigraphic (Jenkins.and depth (level in •§ * •§ ' δ S | ^ ^ g > • § § • § • § • § |> ^ • -§ ti á § I •S ^ f o =S ^ δ | ^ ^ & •§ ^ g l l l * •§ | | o *

Unit Orr, 1972) (m) Hole cm) ü ü ü d d è δ ü ^ δ δ < j δ u ^ á δ ü ü i S δ t & t o δ ^ δ á α i δ o ü δ δ δ ü ü δ ^ • t o ^ ^ ü δ ü δ δ δ δ ü
Q „ ... 40 8,CC β • O — O O β. O O • • cf

g' 10,CC θ O © O O O β ©
45 11,CC β β O β O © O O •- O O O O β . . .
50 12-2, 120

Upper 12.CC β β β O Q ö • •
P l i o c e n e 5 5 1 3 . C C 9 9 - 9 - . . . . O β β β β

G fistulosus 1 4 c c • β O OO O • • β - O O O
' 15-2, 106

15-3, 106
65 15.CC O β O « • O O β β β • •

16-3, 106
16.CC © « • © O « » © O O Q O . . .

70 17-1, 106
17-2, 106

75 17,CC β β O • « O O β O β O
18.CC β O • O O O β θ θ c f β β

80 19-2, 106
19,CC β β cf • « β O β O O β

85 20.CC* . . . . . . b . . . . .

Lower W 2U2> 1 0 6

pT i~ . S. dehiscens 21,CC © » • • « « β O O Q O O O •
w e 95 22.CC • • β β β O O O O β

100 2 3 . C C 0 » • • . . . . . O β O β • O cf
105 24.CC β O O O θ O β . # . . o β O
110 25.CC β β • « O β β• O « • « O O β O O

5O3B 26.CC β . . . . . • • • O β O O β β β
115 5O3A 27.CC β O O • • • O β β O β O
120 28,CC β β 9 O • © • . . o
125 29.CC β O O O • • © • • • • . . © O
130 30,CC • • • • . . . . . • •

3 1 . C C O . . . O 9 © . - . . > * « .
G. tumida 135 3 2 . C C © • © , . . . O © . . . O O β • •

140 33,CC* cf • • . . . . . . . • • . . .
145 3 4 . C C β β . c f . . . . . . 9 . O O . . .
150 35.CC © • © » . « » O • © • • • • - O 9
155 36.CC © • • • • © O O • • • • O O O • •

37.CC β O O O O O © cf O O O O β O
160 38.CC © • • O 9 O O O O O β O O β
165 39.CC 9 O O . . . . . . . © . O O ©
170 40.CC • • • O . . . . o O β O
175 41,CC • • • • • • . . . . . . . . . . c . . . .
180 42,CC . . . . . . . . . . . .
185 43.CC ©. 9 •O 9 β O O O

Upper G. plesio- 190 44.CC © • • © o » » » • • • • » β O • •
Miocene tumida 195 46 CC* . . . . . . . . . « . . . . . . . .

δ^C shifta

200 47.CC © 9 cf O . . . • O • • © O β O © OO
205 48.CC , © • © O • • cf O O O © O
210 49.CC O β cf . . . . © . . © O β . O
215 50.CC β O . . . . β O β c f c f
220 51.CC* . . . . . . . . . . . . . . • •
225 52.CC © © O » . © . • • • © • .
230 53.CC β cf O . . . . « . . . © , . . . © . . c f © o
235 54.CC" . . . . cf . . • • .

Notes: Species abundance: •= present, O =few, β = common, = abundant. = foraminifers rare.
a See Keigwin (this volume).

Dominance change in P. primalis coiling shown by dotted line.
c N. acostaensis L dominant in 41.CC.
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Table 3. Ages and depths of some DSDP Leg 68 planktonic foraminiferal datums.

FA
FA
FA
LA
LA
FA
FA
FA
FA
LA
FA
FA
FA
LA
FA

Datum*

G. truncatulinoides
P. obliquiloculata
N. dutertrei
G. altispira
Sphaeroidinellopsis
G• miocenica
G. fistulosus
G• hirsuta
G. puncticulata"
G. pertenuis
G• pertenuis
G. crassaformis°
G. exilis
P. primalis0

S• dehiscens
P. primalis L to R

FA
LA
LA
LA
LA
LA
FA
FA
FA
FA
FA
LA

P. spectabilis
G• margaritae

N. pachyderma (L)
G. nepenthes
G. seigliei
S. dehiscens (f.i)
G• tumida
G. margaritae
N. humerosa
P. primalis0

G• bulloideus

Hole SO2

Sample
Oevel in cm)

11,CC
12.CC

—
19-1, 90
20-1, 100
21,CC
20.CC
19.CC
20.CC
17.CC
21.CC
27-2, 40
21-2, 60
23-2, 100

—
24-3, 134 to
24-2, 100

23-4, 100

27-2, 40
28.CC
32-3, 10
30.CC
35.CC
35-2, 100

—
28,CC

—

Depth
(m)

41.12
44.40
—

76.10
80.56
87.28
78.75
78.75
83.53
69.40
87.28

111.24
86.08
93.91

101.55
99.70

96.91

111.24
117.00
133.56
125.76
146.58
146.20

—
117.00

—

Age"
(Ma)

1.76
1.88
—

2.95
3.08
3.50
3.02
3.02
3.24
2.75
3.50
4.01
3.42
3.53

3.75
3.70

3.62

4.01
4.19
4.76
4.46
5.26
5.25
—

4.19

—

Hole 502A

Sample
Oevel in cm)

11,CC
14.CC

—
19-2, 100
20-2, 52
19.CC
20-1, 100
20.CC
21,CC
16.CC
21,CC
29.CC
21,CC
22-2, 100
23.CC
24.CC to
24-3, 100

23-3, 100
26.CC
27.CC
28,CC
33-3, 10
33.CC
37.CC
38.CC
45.CC
29.CC
52.CC

Depth
(m)

41.70
54.70
—

78.95
83.50
80.45
81.97
85.46
89.56
66.84
89.56

122.83
89.56
92.41
98.78

103.18
102.72

98.38
111 85
U6.12
119.34
134.27
134.40
145.14
147.49
166.04
122.83
182.33

Age
(Ma)

1.72
2.14
—

2.95
3.08
3.00
3.04
3.15
3.31
2.54
3.31
4.29
3.31
3.41
3.59
3.71
3.70

3.58
3 95
4.06
4.17
4.68
4.68
5.26
5.28
5.55
4.29
5.78

Hole 5O2B

Sample
(level in cm)

l i -2 , 108
12.CC
15.CC
18-1-75
19-2, 75
21.CC
19-1, 75
20-2, 75
20.CC
15.CC
21,CC

22-3, 75<cf>
22-2, 75

_

_

—
_
_
—
—

—

Depth
(m)

43.92
48.92
60.46
72.89
78.80
89.45
77.30
83.20
85.30
60.46
89.45

92.17
90.47

_

_

—
—

—
—

—

Agee

(Ma)

1.77
2.06
2.50
2.85
3.04
3.3!
3.01
3.15
3.21
2.50
3.31

3.38
3.33

_

_

_
—

—
—
—
—
—

—

Hole 502C

Sample
Oevel in cm)

1,CC
3,CC

9-2, 70
10-3, 70
10-1, 60<cf>
10-1, 60
13-1, 75

7.CC
14.CC
18-2, 75(cf)
15-1, 75
13-3, 70

15-1, 75 to
15-2, 75

14.CC

17.CC
18-2, 75
24-1, 101

26.CC
23,CC

20.CC
—

Depth
(m)

36.22
44.31

71.53
75.29
72.20
72.20
85.55

59.99
93.67

108.98
94.33
88.48
—

94.33
95.83

93.67

106.50
108.98
130.76

—
140.34
129.54

—
119.16

—

Agef
(Ma)

1.83
2.10
—

3.02
3.22
3.04
3.04
3.41
—

2.63
3.64
4.06
3.66
3.49
—

3.66
3.70

3.64

3.99
4.06
4.69
—

5.26
4.66
—

4.38

—

Hole 5O3A

Sample
(level in cm)

7.CC
11,CC
9-1, 106
14.CC
15.CC

—
15-2, 106

—
—
—
—
—
—
—
—

20-2, 96 to
20-3, 106
25 CC^"^

_

_

27.CC
43.CC
31.CC
33.CC

—
36.CC
38.CC
40.CC

Depth
(m)

27.68
45.46
33.61
57.67
62.77
—

61.56
—
—
—
—
—
—
—
—

83.30
84.90

103.00

_
112.65
185.59
133.74
139.27

—
154.59
160.20
169.90

Age
(Ma)

1.40
2.35
1.60
—
—
—
—
—
—
—
—
—
—
—
—
—
—

_
4.50
—

5*9
5.24
—

5.43
5.49
5.60

Hole 5O3B

Sample
(level in cm)

8.CC
11,CC
11,CC
15-2, 106
15-3, 106

—
16.CC

—
—

16-3, 106
17-2, 106
19-2, 106

—
—

21-2, 106
19.CC to
21-2, 106
23.CC

_
23,CC<cf>

—
—
—
—
—
—
—

Depth
(m)

33.41
46.57
46.57
62.21
63.71

—
68.36

—
—

68.30
71.27
75.77

—
—

88.91
80.96
88.91
96.15

_
96.15

—
—
—
—
—
—
—

Age
(Ma)

1.81
2.37
2.37
2.88
2.91
—

3.23
—
—

3.22
3.34
3.48
—
—

3.84
3.62
3.84
4.04

4.04
—
—
—
—
—
—
—

a FA = first appearance, LA = last appearance.
" Considered nonevolutionary in tropics.
c Site 502 only—considered nonevolutionary.
d Ages interpolated from magnetostratigraphy (Kent and Spariosu, this volume) and assuming FA G. tumida = 5.26 Ma and carbon shift (502A and 5O3A; Keigwin, this volume) = 6.00 Ma.
* Ages of datums deeper than 80.30 m determined by extrapolation.
' Ages of datums extrapolated above 55.50 m and below 117.90 m for Pliocene.

Ma, in excellent agreement with the change at Site 502
(Table 3). This supports Saito's (1976) contention that
this coiling change is an oceanwide isochronous marker.

The species G. pertenuis (Plate 7, Figs. 1-7) is present
at Site 503 (Tables 2 and 3, 3.2 to 3.3 Ma), and my iden-
tification of this species has been confirmed by J. Lamb
and J. Beard (J. Lamb, personal communication). This
species is considered typically "Atlantic" (by Stainforth
et al., 1975) and has only been recently reported by the
Indo-Pacific. Thunell (1981) reports it from the upper-
most lower Pliocene in DSDP 214 (Indian Ocean) and
Thompson (in press) may have found the same species
at DSDP Leg 67 sites (Middle America Trench). The G.
pertenuis at Site 503 are more robust than those found
in the Caribbean, perhaps indicating that more fragile
members of the population have been removed by selec-
tive dissolution. The first appearance of this species (3.3
Ma) is apparently synchronous between Sites 502 and
503, but its range is truncated in the Pacific. Other syn-
chronous datums at this location are the first occurrence
of Globigerinoides fistulosus, the last occurrence of
Sphaeroidinellopsis, and the appearance of few-to-com-
mon G. ruber.

As at the Caribbean site, the upper Pliocene is marked
by the last occurrence of Globoquadrina altispira just
above that of Sphaeroidinellopsis and by the simultane-
ous first appearances (2.4 Ma) of P. obliquiloculata and
N. dutertrei higher in the section. Site 503 differs from
502 in the presence of Pulleniatina and the absence of
Globorötalia exilis and G. miocenica through most of
the upper Pliocene.

BIOGEOGRAPHIC EVIDENCE FOR
ISTHMUS CLOSING

Vertebrate paleontologists studying South American
land sections knew in the last century that for much of

its Cenozoic history South America was isolated from
North America. The development of the Central Ameri-
can land bridge and its effect on fossil mammals has re-
cently been reviewed by Simpson (1980). Recent dating
of volcanic ashes associated with South American fossil
beds shows the first effects of intercontinental migra-
tion at about 7 or 8 Ma (in the late Miocene), with in-
creased interchange between 5 and 2 Ma, and an open
land connection since the beginning of the Pleistocene
(Marshall et al., 1977, 1979).

As terrestrial faunas of North and South America
have become more similar, marine faunas of the Atlan-
tic and Pacific have become more dissimilar. Woodring
(1966) and Herm (1969) have shown increased provinci-
ality of Atlantic and Pacific molluscs in Pliocene and
Pleistocene times. Crough and Poag (1979) have re-
ported the sporadic occurrence of the benthic foramini-
fer Amphistegina gibbosa in the California borderlands
as recently as 1.8 Ma. This species is a shallow-reef
dweller and is believed to have migrated from the Carib-
bean during warmings. Perhaps the sea level rose enough
during these warmings to flood the newly emergent land
bridge and permit migration of this species.

The effect of the closing Panama Isthmus on plank-
tonic foraminifers has been discussed at length by Ka-
neps (1970) and Parker (1973). Both agree that by 3 to
4 Ma there was faunal evidence for increasing provin-
ciality. In particular Kaneps (1970) cited the evolution
of the Globorötalia exilis-G. miocenica-G. pertenuis
group and its apparent restriction to the Atlantic. Park-
er (1973) noted the absence of Pulleniatina spectabilis
from the Atlantic, and the Atlantic late Pliocene and
Pleistocene disappearance of Globoquadrina venezue-
lana and Globorotaloides hexagona. Saito (1976) and
Keigwin (1978) called attention to the significance of
Pulleniatina coiling and the temporary disappearance of
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this genus from the Atlantic. Increasing provinciality
has continued into the late Pleistocene, affecting the
ranges of Globorotalia tosaensis, Globoquadrina pseudo-
foliata, and pink-colored Globigerinoides ruber (Thomp-
son et al., 1979).

Interesting comparisons can be made between the
planktonic foraminiferal assemblages of Sites 502 and
503. The upper 120 meters of the Site 502 (Colombian
Basin) section is similar to the pelagic sequence at near-
by Site 154. As noted earlier, in the Site 154 range chart
of Bolli and Premoli-Silva (1973) and by Keigwin (1978),
P. primalis ranges for about 0.2 m.y. after the early
Pliocene shift from sinistral to dextral coiling. Thus,
following Saito's (1976) argument, this point marks suf-
ficient uplift of the Panama Isthmus to restrict migra-
tion of Pulleniatina. The short interval of sinistral N.
pachyderma reported in the bottom of the pelagic se-
quence at Site 154 (Keigwin, 1978) is actually the end of
a long-ranging assemblage (about 1.5 m.y.) at Site 502
which became numerically important about 5.5 Ma. This
assemblage is not present in Pacific Site 503, although it
ranges through a short interval in the early Pliocene of
Panama Basin Site 157.(Keigwin, 1976). Curiously, re-
lated TV. acostaensis is mostly sinistral throughout Sites
502 and dextral in Site 503. Another important differ-
ence between the sites in the late Miocene and early Plio-
cene is the delayed first appearance (by about 2 m.y.) of
Pulleniatina in the Caribbean.

The most significant result of the biogeographic com-
parison of Sites 502 and 503 is the discovery of Globo-
rotalia pertenuis in the Pacific. Its range is truncated in
the Pacific sites at approximately 3.2 Ma, whereas in the
Atlantic it lived until about 2.5 Ma (Table 3). As with
the last early Pliocene appearance of Pulleniatina in
the Caribbean, the emergent isthmus probably stopped
the exchange of genetic information between the two
oceans, isolating the less well-adapted population. If
after its evolution, G. pertenuis migrated from the At-
lantic to the Pacific then it would be expected that
earlier appearing G. exilis would have, too. Although I
have not seen G. exilis {sensu stricto) in Pacific Sites 83,
84, 157, 158, or 503, I have found a related form (G.
limbata-G. exilis; Plate 5, Figs. 4-6) in the upper Mio-
cene of Site 503. Jenkins and Orr (1972) report G. exilis
from several DSDP Leg 9 sites, but their figured
specimens differ significantly from those I have identi-
fied at Site 502 (Plate 4, Figs. 9-12). Recently, P. R.
Thompson (in press) has identified G. cf exilis (perhaps
equivalent to G. limbata-G. exilis at Site 503) from late
Miocene eastern equatorial Pacific DSDP Sites 497 and
498. He also reports a "typical" middle Pliocene first
appearance, with a last appearance at the same level as
Sphaeroidinellopsis (3.1 Ma). This Pacific last appear-
ance is distinctly earlier than that in Site 502 (Table 1)
and close to the "truncated" Pacific last appearance of
G. pertenuis. Thus, these two "Atlantic-type" Globo-
rotalia have shorter ranges in the Pacific than the At-
lantic, adding further evidence that the emergent Pana-
ma Isthmus was an effective barrier to the migration of
planktonic organisms by 3.0 to 3.2 Ma.

At first there appears to be a contradiction between
land-mammal evidence, which suggests that the North
American-South American exchange began in the late
Miocene and increased in the early Pliocene, and that
from planktonic foraminifers, which show that Atlantic-
Pacific provinciality began about 4 Ma. In fact the two
lines of evidence are easily reconciled. As Simpson (1980)
has pointed out, the first exchange of vertebrates was by
waif dispersal, or "island hopping," which does not pre-
clude the exchange of planktonic organisms through rela-
tively deep channels between the inferred islands. By
about 3 Ma, populations of planktonic foraminifers
from the tropical Atlantic-Pacific were completely iso-
lated and the exchange of terrestrial vertebrates acceler-
ated, suggesting that the land bridge between the Ameri-
cas was largely completed by this time.

CONCLUSIONS
Sites 502 and 503 contain complete successions of late

Neogene and Quaternary (Holocene to about 8 Ma) trop-
ical and subtropical planktonic foraminifers. Faunal di-
versity is higher in the Caribbean site, and preservation
has improved there since 6 Ma. Significant differences in-
clude:

1) An enigmatic and numerically important popula-
tion of sinistral Neogloboquadrina pachyderma between
about 5.5 and 4 Ma in the Caribbean. This species is
always associated with warm-water faunal elements, sug-
gesting that its presence does not indicate cold waters. It
may, however, indicate seasonal upwelling.

2) The evolution of Pulleniatina primalis at about 5.5
Ma in the Pacific, but its exclusion from the Atlantic un-
til approximately 4.2 Ma.

3) The gradual Pliocene divergence of Atlantic-Pacif-
ic faunal histories arising from completion of the Pan-
ama land bridge. This divergence is seen in the exclusion
of P. spectabilis from the Atlantic, the temporary disap-
pearance of P. primalis from the Atlantic at about 3.3
Ma, and the absence of the Globorotalia exilis-perten-
uis-miocenica lineage from the Pacific since 3.0 Ma.
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Plate 1. Neogene planktonic foraminifers. 1-3. cf Catapsydrax unicavus, Sample 502C-30.CC, upper Miocene, (1) ventral view × 110, (2) side
view ×115, (3) dorsal view xló l . 4-6. Globigerina bulloides, Sample 502C-29.CC, upper Miocene, (4) ventral view × 125, (5) side view
× 159, (6) dorsal view × 143. 7-9. Globigerina cariacoensis, Sample 502A-23-2, 100 cm., lower Pliocene, (7) ventral view × 120, (8) side view
×113, (9) dorsal view ×115. 10-12. Globigerina nepenthes, lower Pliocene, (10) Sample 502A-29.CC, ventral view ×133, (11) Sample
502A-29.CC, side view × 178, (12) Sample 50A-37.CC, dorsal view × 127.
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Plate 2. Neogene planktonic foraminifers. 1-4. Globigerinoides bulloideus, upper Miocene, (1) Sample 502C-32.CC, ventral view × 115. 2-4.
Sample 503A-46.CC, (2) ventral view × 106, (3) side view × 122, (4) dorsal view × 122. 5-6. Globigerinoidesßstulosus, Sample 502A-20-1, 50
cm, upper Pliocene, (5) ventral view × 53, (6) dorsal view × 60. 7-9. Globigerinoides obliquus, Sample 503A-39-1,106 cm, upper Miocene, (7)
ventral view × 115, (8) side view × 99, (9) dorsal view × 115. 10-12. Globigerinoides cf bulloideus, Sample 502A-23-2,100 cm, lower Pliocene,
(10) ventral view × 110, (11) side view × 106, (12) dorsal view × 121.

279



L. D. KEIGWIN, JR.

Plate 3. Neogene planktonic foraminifers. 1-3. Globigerinoides ruber, (1) Sample 502C-34.CC, upper Miocene, ventral view × 110, (2) Sample
5O2C-33.CC, upper Miocene, side view × 126, (3) Sample 5O3A-15-3, 74 cm., upper Pliocene, dorsal view ×92. 4-6. Globigerinoidesseigliei,
upper Miocene, (4) Sample 502C-28,CC, ventral view ×IOO, (5) Sample 5O2C-3O.CC, side view × 115, (6) Sample 502C-28.CC, dorsal view
× 100. 7-9. Globoquadrina conglomerata, (7) Sample 502A-47.CC, upper Miocene, ventral view × 166, (8) Sample 502A-24.CC, lower Plio-
cene, side view × 150, (9) Sample 502A-24.CC, lower Pliocene, dorsal view × 156. 10-12. Globoquadrina dehiscens, upper Miocene, (10)
Sample 503A-33.CC, ventral view ×88, (11) Sample 5O3A-33.CC, side view ×94, (12) Sample 503A-34.CC, dorsal view ×102.
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Plate 4. Neogene planktonic foraminifers. 1-5. Globoquadrina pseudofoliata, lower Pliocene, (1, 4) Sample 5O3B-22.CC, (2, 3, 5) Sample 5O3B-
18.CC, (1) ventral view × 93, (2) ventral view × 96, (3) side view × 107, (4) dorsal view × 69, (5) dorsal view × 86. 6-8. Globorotalia crassafor-
mis. (6) Sample 502A-29.CC, lower Pliocene, ventral view × 111, (7, 8) Sample 502B-12.CC, upper Pliocene, (7) side view × 166, (8) dorsal view
× 111. 9-12. Globorotalia exilis, Sample 502B-12.CC, upper Pliocene, (9) ventral view × 77, (10) ventral view × 73, (11) side view × 58, (12)
dorsal view ×63.
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Plate 5. Neogene planktonic foraminifers. 1-3. Globorotalia hirsuta, Sample 502-18,CC, upper Pliocene, (1) ventral view ×72, (2) side view
× 82, (3) dorsal view × 66. 4-6. Globorotalia limbata-Globorotalia exilis, Sample 503A-39.CC, upper Miocene, (4) ventral view × 66, (5) side
view × 74, (6) dorsal view × 60. 7-9. Globorotalia limbata-Globorotalia multicamerata, Sample 502A-45.CC, upper Miocene, (7) ventral view
×64, (8) side view ×66, (9) dorsal view ×79. 10-12. Globorotalia margaritae, (10, 11) Sample 502-33,CC, lower Pliocene, (12) Sample
502A-38.CC, upper Miocene, (10) ventral view × 110, (11) side view × 110, (12) dorsal view × 110.
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Plate 6. Neogene planktonic foraminifers. 1-3. Globorotalia sp. cf G. margaritae, (1) Sample 502A-38.CC, upper Miocene, ventral view × 66,
(2) Sample 502A-37,CC, lower Pliocene, side view ×93, (3) Sample 5O2A-38.CC, upper Miocene, dorsal view ×99. 4-8. Globorotalia mio-
cenica, Sample 502B-12,CC, upper Pliocene, (4) ventral view × 55, (5) ventral view ×77, (6) side view ×60, (7) side view ×91, (8) dorsal view
×71. 9. Globorotalia multicamerata, Sample 502A-34.CC, lower Pliocene, ventral view ×71. 10-12. Globorotalia pertenuis, (10) Sample
502A-21.CC, lower Pliocene, ventral view ×47, (11) Sample 502A-18.CC, upper Pliocene, side view ×47, (12) Sample 502A-21.CC, lower Plio-
cene, dorsal view ×47.
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Plate 7. Neogene planktonic foraminifers. 1-7. Globorotaliapertenuis, (1, 2) Sample 502A-18,CC, upper Pliocene, (1) ventral view ×41, (2)
dorsal view ×47, (3) Sample 503B-17-2, 106 cm, lower Pliocene, ventral view ×40, (4-7) Sample 503B-16.CC, lower Pliocene, (4) ventral view
× 33, (5) side view ×46, (6) dorsal view × 31, (7) dorsal view ×42. 8-10. Globorotalia pleisotumida, Sample 5O2C-3O.CC, upper Miocene, (8)
ventral view × 110, (9) side view × 107, (10) dorsal view × 132. 11-12. Globorotalia pseudomiocenica, Sample 502A-39.CC, upper Miocene,
(11) ventral view ×77, (12) side view ×75.

284



NEOGENE PLANKTONIC FORAMINIFERS

Plate 8. Neogene planktonic foraminifers. 1. Globorotalia pseudomiocenica, Sample 502A-39.CC, upper Miocene, dorsal view ×92. 2-4.
Globorotalia puncticulata, Sample 502B-20.CC, lower Pliocene, (2) ventral view x 155, (3) side view × 121, (4) dorsal view × 154. 5-10. Glo-
borotalia truncatulinoides, Pleistocene, (5-7) Sample 5O3B-8.CC; (8-10) Samples 502B-11-2, 108 cm, (5) ventral view × 154, (6) side view × 190,
(7) dorsal view × 157, (8) ventral view × 132, (9) side view ×93, (10) dorsal view ×99. 11-12. Globorotalia tumida, Sample 503B-19-2, 106
cm., lower Pliocene, (11) ventral view ×48, (12) side view ×46.

285



L. D. KEIGWIN, JR.

Plate 9. Neogene planktonic foraminifers. 1, 2. Globorotalia tumida, lower Pliocene, (1) Sample 503B-19-2,106 cm, ventral view × 54, (2) Sam-
ple 502A-37.CC, side view × 88. 3-5. Globorotaloides hexagonus, Sample 503A-39-1, 106 cm., upper Miocene, (3) ventral view × 132, (4) side
view × 111, (5) dorsal view × 110. 6-8. Neogloboquadrina acostaensis, Sample 502A-26.CC, lower Pliocene, (6) ventral view × 132, (7) side
view × 134, (8) dorsal view × 175. 9-11. Neogloboquadrina humerosa, Sample 503A-37-1, 106 cm., upper Miocene, (9) ventral view × 110,
(10) side view ×93, (11) dorsal view × 135.
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Plate 10 Neogene planktonic foraminifers. 1-3. Neogloboquadrina dutertrβi, Sample 5O3A-9-1, 106 cm, upper Pliocene, (1) ventral view ×96
(2) side view ×96, (3) dorsal view ×86. 4-8. Neogloboquadrina pachyderma (sinistral phenotype), (4, 5, 7, 8) Sample 502A-39,CC upper
Miocene, (6) Sample 502A-37,CC, lower Pliocene, (4) ventral view ×200, (5) ventral view x214, (6) ventral view × 188, (7) side view ×211, (8)
dorsal view x 198 9 Ultrastructure of Fig. 6, × 1125. 10-12. Pulleniatina primalis, Sample 5O3B-25-2, 102, lower Pliocene, (10) ventral
view × 126, (11) side view × 154, (12), dorsal view × 188
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Plate 11. Neogene planktonic foraminifers. 1. Pulleniatina spectabilis, Sample 5O3B-23.CC, lower Pliocene, side view × 92. 2-4. Pulleniatina
obliquiloculata, Sample 502B-11-2, 108 cm, upper Pliocene, (2) ventral view × 121, (3) side view × 100, (4) dorsal view ×86. 5, 6. Sphaeroi-
dinella dehiscens {forma immaturá), lower Pliocene, (5) Sample 5O3A-31 ,CC, ventral view × 82, (6) Sample 502A-33.CC, dorsal view × 60. 7,
8. Sphaerodinellopsis seminulina, Sample 502A-20-2, 52 cm., lower Pliocene, (7) ventral view ×51, (8) side view ×99.
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